Abstract: A fiber strain sensor based on a π-phase-shifted Bragg grating and an extended cavity diode laser is proposed. Locking the laser frequency to grating resonance by the Pound-Drever-Hall technique results in a strain power spectral density S ε ( f ) = (3 × 10 −19 f −1 + 2.6 × 10 −23 ) ε 2 /Hz in the Fourier frequency range from 1 kHz to 10 MHz (ε being the applied strain), corresponding to a minimum sensitivity of 5 pεHz −1/2 for frequencies larger than 100 kHz.
Introduction
Fiber-based optic sensors are known to show several advantages as compared with conventional electro-mechanical sensors, such as electrical passive operation, electromagnetic interference immunity, multiplexing capabilities, and distributed sensing. In particular, fiber Bragg gratings (FBG's) and other grating-based devices appear to be very suited for high-sensitivity measurements of temperature, load, strain, pressure, and vibration [1, 2] . FBG strain sensors with ultra-high sensitivity are specifically required in ultrasonic hydrophones for medical sensing [3] , in civil and aerospace industries for structure monitoring [4] , and in geophysical surveys for measurements of seismic activity [5] . Although high-resolution FBG strain sensors are commonly based on Fabry-Perot configuration (see, for instance, [6, 7] ), different and more complex FBG structures, including π-phase shifted gratings [8, 9] , Moiré gratings [10] , chirped gratings [11] , and sampled structures [12] , are more suited in certain applications, such as in transverse load sensing where extremely sharp resonances enable high-accuracy measurement of grating birefringence [9] .
In this paper, we report on an optical fiber sensor with high resolution of dynamic strain. The sensor consists of a π-phase-shifted FBG interrogated by a frequency modulated laser radiation emitted from an extended cavity diode laser (ECDL), using the Pound-Drever-Hall (PDH) technique [13] . This technique is widely accepted as the best method of laser frequency stabilization and enables laser frequency noise characterizations with high accuracy. In our case, when the laser frequency is locked to the center of the FBG resonance, a broadband strain sensitivity of 5 × 10 −12 Hz −1/2 (corresponding to 5 pε/ √ Hz, ε being the unit of strain) is obtained for Fourier frequencies larger than 100 kHz. This sensitivity represents a ∼ 100 factor improvement compared with that demonstrated in Ref. [8] , where a π-phase shifted grating was proposed for the first time as strain sensor. Moreover, it compares with the sensitivity reported in [6] using a fiber Fabry-Perot interferometer based on a uniform Bragg grating pair and the PDH technique .
π-shifted FBG sensor setup
The π-phase-shifted FBG used in our experiment was fabricated by the continuous writing technique [14, 15] , where the UV radiation from a frequency-doubled amplitude-modulated Ar-ion laser is focused onto the core of a hydrogenated Ge-doped silica fiber (fibercore SM-28). Figure 1 shows the transmission spectrum of the 3-cm long FBG measured with a wavelength resolution of 0.2 pm. Note the appearance of the sharp resonance peak around the center of the FBG stop band at 1542.77 nm, which turns out to be splitted into two peaks spaced by 7.6 pm (corresponding to ∼ 0.96 GHz) and with resolution-limited full widths at half maximum (FWHM) of 0.4 pm. Such a splitting is attributed to a weak birefringence of the fiber induced by the UV writing radiation.
The experimental setup for the implementation of the PDH method and the laser frequency stabilization is depicted in Fig. 2 . An ECDL continuously tunable in the wavelength range from 1525 to 1555 nm (Toptica, model DL-100) with a maximum power of 10 mW (at a pump current of 60 mA) is used to probe the FBG reflection. The ECDL shows an emission linewidth of ∼ 2 MHz for observation times of few microseconds (as measured by means of the beat note with a similar laser diode). The laser beam is coupled through an optical isolator and a 10× objective to a single mode fiber. To further decrease optical feedback into the ECDL a fiber optical isolator is also used. A small amount of the laser radiation (∼ 100 µW) is then sent to the FBG using a power splitter and an optical circulator. Grating reflection is therefore available at the optical circulator output and is monitored using a fast photodiode. One end of the π-phase shifted fiber grating is glued to a piezoelectric actuator, PZT G , whereas the other one is fixed to a translation stage that pre-strains the fiber sensor with a total length of 1.02 m. In this way, direct calibration of the sensor strain sensitivity is performed by fiber length modulation applying a sinusoidal voltage to the PZT G actuator. 
FBG sensor characterization
To implement the PDH technique the laser field is frequency modulated by means of a sinusoidal modulation of the pump diode current. A modulation frequency f m = 202.7 MHz, about four times larger than the FBG resonance linewidth, and a frequency deviation equal to f m (corresponding to an unitary phase-modulation index) were used in order to provide high signal to noise ratio [13] . The reflected signal from the FBG was preferred rather than transmitted one, due to its higher sensitivity [13] . Figure 3(b) shows the in-phase demodulated lineshape of the FBG reflection, with a measurement bandwidth of 10 MHz, at the output of the doubled balanced mixer as a function of the frequency detuning. This signal is an odd function of the frequency detuning (discriminating signal) and therefore can be used as an error signal to measure the fluctuations between the laser frequency and the FBG resonance, and to lock the laser to the FBG resonance center. From the recorded data a voltage to frequency conversion coefficient of 32 nV/Hz, corresponding to the slope of the demodulated signal at the resonance center (see dotted line in Fig. 3(b) ), was obtained. To lock the laser frequency against the FBG resonance, the demodulated signal was fed back to the high-voltage piezoelectric amplifier through an integral and proportional servo electronics. A typical control loop bandwidth of ∼ 1 kHz was used. This control bandwidth was fast enough to efficiently suppress the long-term laser frequency drifts and the environmental noise, and enabled a tight laser frequency locking even when the optical system was subject to strong environmental perturbations.
The dynamic strain applied to the FBG sensor can be measured by monitoring the error signal directly at the output of the doubled-balanced mixer for Fourier frequencies larger than the control loop bandwidth. Indeed, according to the model proposed by Kersey et. al. [4] , the relative deviation of the Bragg wavelength (frequency) is related to the applied strain, ε, by the following expression: [4] . The power spectral density of the applied strain is therefore given by:
where S V ( f ) is the power spectral density of the error signal, D is the voltage to frequency conversion coefficient, and S ∆ν ( f ) = S V ( f )/D 2 is the power spectral density of the frequency fluctuations between the laser and the FBG resonance frequencies. Figure 4 reports the measured noise spectral density of the error signal, when the laser locking is operating, as recorded directly at the intermediate frequency output of the doubled balanced mixer (IF bandwidth: from DC to 10 MHz). For Fourier frequencies larger than the ∼ 1-kHz control loop bandwidth, the spectral noise density is well described by the polynomial S V ( f ) = 7 × 10 −6 f −1 + 6 × 10 −10 V 2 /Hz, which sets the lower limit to the sensor strain sensitivity, and by few peaks located at 1.08, 1.65, 6, and 14.8 kHz due to laser piezo resonances and mechanical vibrations. For Fourier frequencies lower than 1-kHz the spectral noise density is strongly reduced by the optoelectronic servo locking and is characterized by several peaks due to line components (50 Hz and its harmonics) and acoustic noise (21 Hz, 42 Hz, and 710 Hz). Using the experimental data for the voltage to frequency conversion coefficient at the mixer output D = 32 nV/Hz, a Bragg frequency ν B = 194 THz, and K = 0.78 the power spectral density S ε ( f ) = 3 × 10 −19 f −1 + 2.6 × 10 −23 ε 2 /Hz is calculated from Eq. (2). For frequencies larger than 100 kHz, a white power strain spectral density of 2.6 × 10 −23 ε 2 /Hz is obtained, corresponding to a strain sensitivity of 5 pε/ √ Hz. This limit is ascribed to the ECDL white frequency noise, which turns out to be S ∆ν ( f ) = 5.9 × 10 5 Hz 2 /Hz. Such frequency noise corresponds to an emission linewidth ∆ν l = πS ∆ν 1.9 MHz [16] , in good agreement with the 2-MHz value retrieved by the beat note measurement. Calibration of the sensor strain sensitivity was performed applying a sinusoidal voltage signal with an amplitude of 50 mV to the fiber grating piezoelectric actuator, which produced in the noise spectrum shown in Fig. 4 two marked peaks at the modulation frequencies of 5 and 30 kHz. Assuming a PZT actuating coefficient of 89 nm/V and taking into account the 1.02 m length of the fiber sensor, the applied strains correspond, in both cases, to a root mean square value of 3 nε. This calibration leads to strain sensitivities over 1-Hz bandwidth of 10 pε and 6 pε at frequencies of 5 and 30 kHz, respectively, in excellent agreement with the strain spectral noise density deduced by Eq. (2). As far as the dynamic range of the FBG sensor is concerned, the maximum strain that can be observed is limited to frequency change of the FBG resonance lower than its linewidth. Considering the 55-MHz FBG linewidth, the maximum detectable strain is ∼ 350 nε, corresponding to a dynamic range of 97 dB (over 1-Hz bandwidth) for Fourier frequencies above 100 kHz. It may be noted that strains larger than 350 nε can be detected for frequencies lower than 1-kHz control loop bandwidth, using either the error signal at the IF output of the doubled balanced mixer or the control signal at the output of the high-voltage piezoelectric amplifier. In this case, however, the sensitivity is lower, due to the 1/ f flicker noise contribution.
Conclusion
A fiber-based strain sensor showing a power spectral density of S ε ( f ) = (3 × 10 −19 f −1 + 2.6 × 10 −23 ) Hz −1 for a wide Fourier frequency interval from 1 kHz to 10 MHz and a dynamic range of 97 dB (in 1 Hz measurement bandwidth) was demonstrated using a π-phase shifted fiber Bragg grating interrogated by a phase-modulated laser radiation in a Pound-Drever-Hall configuration. The 5 × 10 −12 Hz −1/2 best sensitivity of the passive fiber Bragg grating sensor turns out to be limited solely by the frequency noise contribution of the probing laser source. The proposed fiber sensor has potential applications in the field of ultra-high-resolution ultrasonic hydrophone for medical sensing and sonar systems. 
